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Abstract 
MBIR is a multipurpose fast sodium cooled research reactor with a thermal power of 150 MW designed for a broad range of applications 
in the field of experimental research, including endurance tests and optimization of operating modes for advanced types of fuel, fuel elements, 
absorber elements and fuel assemblies, radiation tests of advanced structural materials, production of isotopes for a variety of applications 
and so on [1,2] . Therefore, one of the major requirements to this reactor is a high flux of neutrons (not lower than 5 10 15 n/cm 2 s) depending, 
in turn, on the type of the fuel used. 
Vibrocompacted MOX fuel with a plutonium weight content of ∼38% has been adopted currently as the standard MBIR fuel. The 
capabilities offered by the use of alternative highly dense fuel types in this reactor appear to be promising for the future large-scale nuclear 
power. The most attractive fuel types for advanced fast reactors are mixed nitride uranium–plutonium fuel and mixed metallic fuel (a 
three-component uranium-plutonium-zirconium alloy). 
Studies on the MBIR reactor, involving advanced dense fuel types, have shown that nitride fuel does not make it possible to achieve the 
required neutron flux value, while metallic fuel provides for the required neutron flux (practically the same as MOX fuel) and a high dpa 
rate but requires modified temperature conditions of irradiation. The specific neutronic properties of these fuel types, as compared to the 
standard MOX fuel, have also been identified. 
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Vibrocompacted MOX fuel with a plutonium weight con-
ent of ∼38% has been adopted presently as the standard fuel
or the MBIR reactor facility. This paper considers the pos-
ibilities for this reactor to use alternative dense fuel types
een as potentially promising for the future large-scale nu-
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.V. This is an open access article under the CC BY-NC-ND license ( http://creatiThe most attractive of these are mixed nitride uranium–
lutonium fuel and mixed metallic fuel. 
Nitride fuel is currently viewed as the basis for future fast
eutron commercial power reactors to operate in a fuel self-
ufficiency mode, specifically BREST-300 and BN-1200 [3–
] . The advantages offered by this fuel, as compared to oxide
uel, are commonly known: it is denser, more heat conductive
nd perfectly well compatible with the fuel cladding materials
nd liquid metal coolants (a property of prime importance in
mergencies). Besides, its fabrication technology is compati-
le with the oxide fuel technology in many respects. 
Due to high density (not leading though to a growth in the
oid reactivity effect), nitride fuel provides for a high level
f internal breeding, this making it possible to minimize the
urn-up reactivity margin while not worsening safety during
ccidents with a coolant loss in the core. High thermal con-
uctivity of the fuel leads to less heat accumulated in it, a
igher melting temperature margin, and a better combinationcow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Maximum flux at the nitride core center, 1/cm 2 s ×10 16 . 
ML start ML end 
Core 0 .47 (0.47) 0 .48 (0.48) 
CLC 0 .46 (0.44) 0 .47 (0.45) 
Not parenthesized values – TRIGEX, parenthesized values – MKKK. 
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t  of temperature feedbacks in the reactor which gives it in-
creased safety, specifically in beyond design basis accidents. 
Russia has an experience in fabrication and irradiation of
nitride (uranium or UN) fuel [6] . Beginning in 1970, the BR-
10 reactor was used to irradiate experimental assemblies with
nitride fuel fabricated based on different technologies, having
different porosities and with two types (sodium and helium)
contact substrates. This formed the basis for the creation of
∼200 FAs sufficient for the reactor loading with two complete
batches of mononitride uranium fuel in which the maximum
burn-up as high as 8.7% of heavy atoms was achieved. 
Since the time the development of fast reactors started,
metallic fuel has been of interest due to possessing very high
density and thermal conductivity, and because of having the
smallest possible number of diluent nuclei, which provides
for an extremely hard neutron spectrum and as high level of
breeding as possible, this being especially important for the
rapidly evolving nuclear power. As a matter of fact, US ex-
perts (who have achieved the greatest success in commercial-
izing this fuel) studied this fuel not for the sake of breeding
but because of comparatively cheap technologies of fabrica-
tion (casting) and reprocessing (electrochemistry). An eco-
nomic analysis has shown that the fuel component of cost
may be ∼7 times as small for metallic fuel as for ceramic
fuel. Large-scale experiments with irradiation of this fuel were
conducted in the USA in the ЕВR-II reactor [7,8] . 
A major drawback of metallic fuel is its interaction with
the fuel cladding steel. At ∼560 °C, plutonium forms low-
melt intermetallic compounds which may cause the fuel
cladding to lose integrity for a short time. Zirconium addi-
tion to this fuel ( ∼10% wt.) increases the intermetallic forma-
tion temperature by ∼80 °C, which makes it possible to raise
the working temperature of such fuel elements to an accept-
able (though 60–80 °С lower) level [9] . Apart from uranium–
zirconium alloys, uranium–molybdenum alloys (7% и 10%
Mo) were investigated on an extensive scale with irradiation
of these in such reactors as BOR in Russia, DFR in Great
Britain and Enrico Fermi in the USA. Since metallic fuel as
such has rather a low melting temperature, it appears to be
reasonable to consider it with a sodium contact substrate. 
Analytical models and codes 
Alternative fuel types were considered as part of the re-
actor’s initial (oxide) design with only the fuel and the end
breeding screen material changed. The fuel enrichment was
selected such that to render the reactor critical at rated power
as of the intermediate (third) microlife end, with all CPS rods
withdrawn, except the half-submerged emergency protection
rods. 
A fundamental condition for the MBIR reactor, as shown
in the technical assignment, is a neutron flux of not less
than 0.5 10 16 n/cm 2 s. The FA life has been determined pro-
ceeding from the allowable dpa value for the fuel cladding
(ChS-68) assumed to be equal to 75 dpa. The maximum fuel
burn-up and fast neutron fluence ( E > 0.1 MeV) on the fuel
cladding are not constraining parameters. The microlife du-ation (the refueling interval with continuous operation) has
een assumed to be equal to 100 effective days. 
Since the above fuel types were considered in the standard
oxide fuel) reactor model, the reactor performance with these
uel types are shown in comparison with standard fuel. 
Most of the neutronic calculations were performed us-
ng the TRIGEX code [10] . The MKKK Monte Carlo code
11] using a detailed description of all core components
as used for precision calculations. The BNAB-93 library of
ulti-group constants and CONSYST, a constant preparation
ystem, [12,13] were used in both cases. 
BIR performance with alternative fuel types 
itride fuel 
An effective density of 12.0 g/cm 3 , which constitutes
0.83 of the theoretical value, was assumed for the calcu-
ations [14] . The nitride fuel life was defined by the cladding
pa rate and was found to be 500 effective days. 
The maximum neutron flux achieved in the nitride core’s
entral region is presented in Table 1. 
It can be seen that the maximum flux in nitride fuel some-
hat fails to reach the required value of 0.5 10 16 1/cm 2 s,
hile both the engineering analysis and the precision calcu-
ation show one and the same flux value. At the same time,
he results are different for the central loop channel (CLC)
lled with steel and sodium in equal portions for the calcu-
ations: TRIGEX, a diffusion code, shows that the flux in the
hannel is 2% as low as in the core, and MKKK, a precision
ode, shows that the flux is 5% as low as in the core. 
etallic fuel 
A three-component uranium–plutonium–zirconium alloy
10%) with a theoretical density of 15.9 g/cm 3 has been con-
idered as metallic fuel for the MBIR reactor. The effective
ensity of this fuel, given the required clearances, was as-
umed to be equal to ∼12.0 g/cm 3 [15–17] . The contact sub-
trate for the given consideration was assumed to be gaseous
helium), not the best choice though for metallic fuel. No
odium contact substrate, the best one for this fuel, was con-
idered since it required a major reactor redesign because of
he need to transfer the gas collectors to the fuel element
pper part. 
The maximum neutron flux value at the core center and in
he CLC is shown in Table 2 . The flux in a metallic core ex-
eeds just slightly the required value (0.5 10 16 1/cm 2 s), while
he engineering and precision calculation results coincide. For
he central loop channel, however, the MKKK code shows a
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Table 2 
Maximum MBIR core flux for metallic fuel. 
ML start ML end 
Core 0 .51 (0.51) 0 .52 (0.52) 
CLC 0 .51 (0.45) 0 .52 (0.49) 
Not parenthesized values – TRIGEX, parenthesized values – MKKK. 
Table 3 
Fluence and dpa rate in MBIR with different fuel types. 
Fuel MOX Nitride Metal 
Maximum flux,10 16 n/cm 2 s 0 .53 0 .48 0 .52 
Fraction of neutrons with Е > 0.1 MeV 0 .68 0 .72 0 .74 
Maximum fluence, ×10 23 n/cm 2 2 .29 2 .08 2 .25 
Maximum fluence with Е > 0.1 MeV, ×10 23 n/cm 2 1 .55 1 .48 1 .66 
Maximum dpa for fuel cladding 76 .2 70 .7 74 .4 
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Table 4 
Neutron load and balance in MBIR with different fuel types. 
Fuel MOX Nitride Metal 
Plutonium content, % 36.5 ∗) 26.4 24.7 
Fissile nuclei load, kg 302 320 303 
Uranium-238 load, kg 525 892 924 
βeff , % k / k 0.305 0.341 0.357 
Core breeding factor 0.25 0.35 0.43 
Burn-up margin, % k / k 2.97 2.2 1.97 
Temperature power effect, % k / k −1.02 −0.99 −0.79 
∗ )Relative to the total of heavy atoms. 
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sux of 5% as low as in the core. For this region (not con-
aining fuel), the TRIGEX code works not quite correctly and
hows the same flux as in the core. 
nalysis of MBIR performance with different fuel types 
A prime objective of a research reactor is not simply a
igh flux of neutrons but its consequence in the form of the
tructural material dpa rate that depends on fast neutrons with
he energy of above 0.1 MeV. The fraction of fast neutrons
n the MBIR reactor spectrum is much greater than in fast
ower reactors. As the result, this makes it possible to speak
bout the flux “quality” which is 25% as high for MBIR
s for power reactors. We shall discuss which fuel type for
he MBIR reactor influences its quality characteristics: fast
eutron fraction and dpa rate (see Table 3 ). 
It can be seen that it is even within the MBIR core that
he fuel type has a major effect on the flux “quality” and
he dpa rate. The highest flux and the highest dpa rate are
bserved in the standard MOX fuel [12] , in which the dpa
ate actually exceeds the permissible level with the central
A life being five times as long. This is why the design life
as been reduced to 4 intervals for the central FAs. 
The highest fraction and fluence of fast neutrons (8% as
igh as in MOX fuel) is naturally observed in metallic fuel
hat does not contain light moderators such as oxygen or ni-
rogen. Still, with the flux being practically the same as in
OX, the dpa rate in metal turns out to be lower than in
xide fuel. The thing is that the fast neutron fluence does not
ake into account the energy distribution of neutrons which is
ighly important in dpa terms. Due to its high density, metal-
ic fuel exhibits intense inelastic moderation of neutrons on
ranium, with neutrons losing their energy to a great extent
ut continuing to be fast ( Е > 0.1 MeV). This energy loss
as a major effect on the dpa capability of neutrons. 
Nitride fuel is the worst case in this respect. It has the
inimum flux and the minimum dpa rate. The number of the
oderator (nitrogen) nuclei in this fuel is twice as small as
he number of oxygen nuclei in MOX fuel, so the fast neu-
ron fraction in nitride fuel is still larger than in MOX. The
hing is that nitrogen is an intense absorber of fast neutronswith the highest energies), and the (n,p)-reaction with for-
ation of radioactive carbon-14 takes place on it. So, due to
he absorption of neutrons on nitrogen, this fuel has a larger
lutonium load than MOX on the one hand and, therefore, a
ower flux. On the other hand, the most high-energy neutrons
re absorbed by nitrogen, this leading to a greatly weakened
ux dpa rate. 
Other neutronic characteristics [18] for MBIR with differ-
nt fuel types are compared in Table 4. 
It can be seen that the loads of fissile plutonium nuclei for
ll of the considered fuel types are close, differing only in the
oad of uranium-238. Hence, there is a major difference in the
ffective fraction of delayed neutrons (as great as ( ∼20%!))
hich result predominantly from fissions on uranium-238.
he fraction of delayed neutrons on pure plutonium is very
mall and amounts to ∼0.2% k / k . 
The fuel types considered differ greatly in the value of
he burn-up reactivity margin which is explained by a higher
evel of internal breeding in dense fuel types, especially in
etallic fuels. 
Finally, a note shall be made of a low temperature power
eactivity effect in metallic fuel which is the result of a low
oppler effect inherent in this fuel: both due to a lower fuel
emperature and its specific spectral characteristics. 
onclusion 
The MBIR reactor is designed for using vibroMOX fuel
nd the nitride and metallic fuels discussed in this paper are
ot viewed as the prime fuel for this reactor. However, nitride
uel is considered nowadays as the basis for the future nuclear
ower, and metallic fuel is seen as a promising option for
chieving a high level of breeding and a cheap external fuel
ycle. Therefore, these fuels will be certainly studied in the
BIR reactor and, moreover, in large quantities, supposedly,
ntil the core is fully loaded. 
It has been shown that metallic fuel provides for the re-
uired neutron flux value (practically equally with MOX fuel)
nd a high level of radiation damage to structural materials
ut requires substantially modified temperature conditions for
he irradiation of fuel in the reactor. At the same time, dense
itride fuel does not make it possible, due to the specific neu-
ronic characteristics of nitrogen (intense absorption of high-
nergy neutrons), to achieve the required neutron flux and is
omewhat inferior to metallic fuel in dpa terms. 
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[  It has been shown that different fuel types may have an
effect on the reactor performance. Specifically, nitride and,
especially, metallic fuel increase greatly the effective fraction
of delayed neutrons, and reduce the burn-up reactivity mar-
gin and the temperature power reactivity effect, this leading
to improved operating conditions and a higher safety of the
reactor. It is also noted that the flux “quality” in the MBIR
reactor is 25% as high as in power reactors, and this fuel type
does not affect the flux quality in MBIR in principle. 
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